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Of the neotropical nonhuman primates commonly used in biomedical research, squirrel monkeys (Saimiri spp) are one of the most consistently used species for animal model development. As opposed to Asian macaques and African nonhuman primate species, the neotropical primates offer many advantages as research subjects, including fewer zoonotic diseases, smaller size, and adaptability to captivity. 1 Early squirrel monkey research was dedicated to experimentally induced cardiovascular disease (including atherosclerosis) and other diet-associated diseases. 1, 4 Recently, the squirrel monkey has been adapted for use in neuroscience research, especially in the arena of addiction and drug abuse. 20 Spontaneous neurologic disease in the squirrel monkey is uncommonly reported but includes various infectious diseases as well as extensive research into cerebral amyloid and plaque formation. 12 Hypernatremia is a serious medical condition that requires immediate corrective management in the patient. Hypernatremia induces various changes in the brain of human patients, including central pontine or extrapontine myelinolysis and marked neuronal damage. 5, 6, 19 Recently, hypernatremia has been strongly associated with poorer prognosis and recovery times in patients with traumatic brain injury. 22 The pathogenesis of hypernatremia and subsequent brain injury in humans is still to be elucidated, and because of this, it is clear that further study is necessary to determine the potential outcomes of hypernatremia on central nervous system pathology. In veterinary species, a syndrome of hypernatremia or decreased water intake is well described in pigs, poultry, and, less commonly, in cattle, in which it is associated with laminar cortical necrosis and malacia in the cerebrum. 26 No similar syndrome is known to exist in laboratory species, and therefore development of an appropriate animal model has been lacking. Herein we report the clinical and pathologic features of hypernatremia-associated polioencephalomalacia in squirrel monkeys and discuss the importance of this disease in interpreting neuroscientific studies using squirrel monkeys.
Materials and Methods
Archived necropsy records at the New England Primate Research Center (NEPRC) were searched from 1999 through 2011 for central nervous system lesions in squirrel monkeys. Excluding neonates, 123 squirrel monkeys were necropsied during this time. Cases describing central nervous system clinical signs corresponded to 10.6% (13/123) of all squirrel monkeys necropsied. All animals were necropsied within 24 hours of death, and representative sections of all major organs were collected, fixed in 10% neutral buffered formalin (NBF), embedded in paraffin, sectioned at 5 mm, and stained using hematoxylin and eosin (HE). All animals included in this study were cared for in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals (eighth edition, 2011) and the standards of the Harvard Medical School Standing Committee on Animals and the Association for the Assessment and Accreditation of Laboratory Animal Care.
To characterize the changes present in the brain sections with immunohistochemistry, we used standard immunoperoxidase staining for neuronal nuclei (NeuN), 2 0 ,3 0 -cyclic nucleotide 3 0phosphodiesterase (CNPase), ionized calcium binding adapter molecule 1 (Iba-1), glial fibrillary acidic protein (GFAP), and CD31 (PECAM). Formalin-fixed, paraffin-embedded sections were deparaffinized, rehydrated, and subsequently blocked with 3% hydrogen peroxide in phosphate-buffered saline (PBS). Pretreatment for CNPase and Iba-1 involved microwaving for 20 minutes in 0.01% citrate buffer, followed by 20 minutes of cooling at room temperature. Pretreatment for CD31/PECAM was with proteinase K for 5 minutes at room temperature. NeuN and GFAP did not require pretreatment. Following pretreatment, an avidin-biotin block (Invitrogen, Frederick, MD) and then a protein block (10 minutes; DAKO, Carpinteria, CA) were conducted on all sections. A wash of Tris-buffered saline (TBS) followed each step.
Sections were incubated with anti-human neuronal nuclei (NeuN; monoclonal, 1:500, overnight at 4 C; Millipore, Billerica, MA), CNPase Ab-1 (monoclonal, clone 11-5B, 1:200, 1 hour at room temperature; Neomarkers, Fremont, CA, USA), Iba-1 (polyclonal, 1:1000, 30 minutes at room temperature; Wako Pure Chemical Industries, Osaka, Japan), GFAP (monoclonal, 1:1600, overnight at 4 C; Thermo Scientific, Waltham, MA), and CD31/ PECAM (monoclonal, 1:20, overnight at 4 C; DAKO).
Slides were then incubated with biotinylated horse anti-mouse secondary antibody (1:200, 30 minutes at room temperature; Vector Laboratories, Burlingame, CA) for NeuN, CNPase, GFAP, and CD31, as well as biotinylated goat anti-rabbit secondary antibody (1:200, 30 minutes at room temperature; Vector Laboratories) for Iba-1. This was followed by a 30-minute incubation at room temperature with Vectastain ABC Standard (NeuN; Vector Laboratories) or Vectastain ABC Elite (CNPase, Iba-1, GFAP, and CD31/PECAM; Vector Laboratories).
Immunolabeling was visualized using 3,3 0 -diaminobenzidine (DAB; DakoCytomation, Carpinteria, CA) and counterstained with Mayer's hematoxylin. Irrelevant, isotype-matched primary antibodies were used in place of the test antibody as negative controls in all immunohistochemical studies. Positive control tissues consisted of rhesus macaque cerebellum (NeuN, GFAP), frontal cortex (CNPase), and spleen (Iba-1, CD31/ PECAM).
Immunohistochemically labeled sections of brain tissue for NeuN and CD31/PECAM were examined using a Leica microsystems DMR light microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a spectral imaging camera and software (Nuance Multispectral Imaging System; PerkinElmer, Waltham, MA). The degree of immunoperoxidase staining was evaluated in 5 separate affected regions (polioencephalomalacia) of brains in the animals for NeuN and CD31/ PECAM. Five unaffected regions distant from the affected regions in this cohort were also evaluated. Ten random areas of normal squirrel monkey brain tissues were used as controls.
The Kruskal-Wallis and Dunn multiple-comparison tests were used to calculate the significance of variable immunoperoxidase staining for NeuN and CD31/PECAM between the sections of brain exhibiting polioencephalomalacia, regions of the same brain sections distant from the site of polioencephalomalacia, and staining in brain sections from normal control squirrel monkeys (as described above). For all statistical tests, P < .05 was considered significant. Statistical analysis was performed using Graph-Pad Prism (GraphPad Software, La Jolla, CA).
Results

Clinical and Gross Findings
Clinical findings in the 13 animals included seizures, nystagmus, tremors, paresis, and coma or death. Those animals that presented with neurological signs were also hypothermic. Blood chemistry was performed on 11 of 13 animals, revealing markedly elevated sodium levels >180 mmol/L (reference range, 134-154 mmol/L). The reference range was established using 50 historical control animals from the New England Primate Research Center. Although chemistry parameters were not taken in 2 animals due to the moribund state, these animals were included in this study because they had similar clinical signs and histopathologic findings to those observed in animals with hypernatremia. Affected squirrel monkeys were given a variety of medical therapies, including thermic support, diazepam, glucose, oxygen, dexamethasone, and oral dextrose with intravenous or subcutaneous fluid therapy for up to several days. The most consistent clinicopathological findings, in addition to elevated sodium levels, were elevated serum urea nitrogen seen in 6 of the 13 animals (46.2%) and elevated creatinine phosphokinase (CK) in 4 of the 13 animals (30.8%). Affected animals did not respond to therapy, resulting in euthanasia.
Gross pathological changes in the central nervous system (CNS) were evident in only 1 of the 13 animals and consisted of multifocal petechiation and herniation of the cerebellum through the foramen magnum (cerebellar coning).
Light Microscopic Findings
Histologic findings included varying degrees of multifocal laminar necrosis of the gray matter characterized by pallor, disruption, and loss of the pyramidal, inner granular, and ganglionic layer; vacuolization and dissolution of the neuropil with neuronal degeneration; and necrosis with hypereosinophilia and shrunken angular morphology ( Figs. 1, 2) . The affected neurons included cortical pyramidal neurons in cortical layers 3 and 5. Scattered in these areas were marked numbers of reactive and proliferating microglia with fewer gemistocytic astrocytes and gitter cells. Multifocally, in both the gray and white matter of 6 animals (46.2%), were areas of hemorrhage. The Virchow-Robin space was multifocally expanded by clear space (edema) or seldom by perivascular cuffs composed primarily of lymphocytes with fewer macrophages and plasma cells. Two of the 13 animals had significant perivascular cuffs of neutrophils (Fig. 3) . The most severely affected regions of the brain included cerebral gray matter of the frontal cortex, basal ganglia, and the parietal cortex. The CA1 pyramidal neurons of the hippocampus were also severely affected ( Fig. 4) . Aside from areas of hemorrhage, the white matter of all sections examined was spared.
The animals included in this report were enrolled in various pharmacology studies and had concurrent pathologies. The most important comorbid pathologies are listed in Table 1 and include the following: glomerulonephritis, cardiomyopathy, enterocolitis, hepatitis, pancreatitis, pulmonary thrombosis, pneumonia, and hepatic lipidosis.
Immunohistochemical Findings
NeuN revealed significant loss of expression in the central region of the cortical lamina, consistent with the bands of neuronal degeneration, necrosis, and dissolution observed on the histologic HE preparations (Fig. 5a,b ). Decreased intensity of staining was also multifocally present in the CA1 neurons of the hippocampus, also consistent with observations from HE sections. The expression of NeuN was significantly decreased in the affected regions as compared with expression in control animals (P < .001) ( Fig. 6 ). Unaffected brain regions of animals with polioencephalomalacia were not significantly different from control animals in their expression of NeuN.
The expression of CNPase was appreciably decreased in the affected animals, with a loss of the highly metabolically active oligodendrocytes in the cortical regions consistent with those regions identified in the HE sections undergoing parenchymal loss and necrosis. In and around lesions, there was an increase in the number and density of microglia, which were evaluated by the expression of Iba-1 antibodies (Fig. 7a,b) .
Immunohistochemistry with CD31/PECAM revealed increased expression in the affected brain regions (Fig. 8a,b ). Brain sections with polioencephalomalacia had significantly higher expression of CD31/PECAM (P < .001) ( Fig. 9 ). CD31/PECAM expression was not significantly different in the unaffected regions of affected animals when compared with control squirrel monkey brain tissue. This indicates that although gray matter lesions were severe, regions outside of the gray matter were not affected. No variance in GFAP expression was observed in the brain tissue of animals with cortical laminar necrosis, consistent with the acute time frame of the lesions.
Discussion
We describe herein the novel findings of hypernatremiainduced polioencephalomalacia in squirrel monkeys. Hypernatremia is a common metabolic electrolyte imbalance that induces the movement of water from the intracellular space across the cellular membrane into the extracellular space, ultimately resulting in cellular dehydration. The neurological effects of hypernatremia result as a consequence of this cellular dehydration and ultimately brain shrinkage. 2, 9 If untreated, hypernatremia may result in cortical laminar necrosis (CLN) or polioencephalomalacia. CLN is also considered a typical injury pattern in hypoxic encephalopathy, cerebral ischemia, and hypoglycemia. 16, 23 CLN is characterized by rarefaction of the neuropil and progressive neuronal degeneration and necrosis predominantly of the cortical pyramidal neurons in layers 3 and 5 and CA1 neurons of the hippocampus. 15, 16, 26, 27 The selective vulnerability of neurons may be related to metabolic demands, mitochondrial sensitivity to free radical damage, or differential suppression of protein synthesis. 7, 10, 17, 27 Increased capillary endothelial expression of CD31/PECAM is also a component of CLN.
The polioencephalomalacia in squirrel monkeys documented herein is consistent with metabolic brain injury associated with dramatically elevated blood levels of sodium. The histologic findings were typical of the syndrome reported in humans and other species, notably cortical laminar necrosis, vascular reactivity, microglial proliferation, and selective neuron sparing. Eosinophilic inflammatory infiltration of the leptomeninges and perivascular spaces was not a feature of the pathology seen in squirrel monkeys but can be seen inconsistently in domestic animal species, specifically pigs. 28 The immunohistochemical results using NeuN confirmed the highly localized necrosis of pyramidal and hippocampal neurons similar to that seen in humans with metabolic brain injury. NeuN expression in the unaffected regions in squirrel monkeys compared with the affected regions with severe neuronal necrosis illustrates that the neuronal necrosis is limited to selectively vulnerable neuronal populations, similar to that reported in other species. Oligodendrocytes were similarly susceptible to the detrimental effects of hypernatremia and were lost at a similar rate to that of the neurons evidenced by decreased CNPase expression. Increased Iba-1 expression in microglia indicates that these cells respond rapidly to damage within the CNS. The lack of appreciable changes in GFAP expression indicates that either the astrocytes were less affected by the hypernatremia or not enough time had elapsed for them to proliferate. Upregulation of CD31/PECAM in vascular epithelium in the affected brain regions indicated significant vascular reactivity, while expression of CD31/PECAM in unaffected regions did not differ significantly from control animals. This indicates that vascular reactivity in CLN is restricted to the most severely affected regions. Lastly, similar histopathologic changes of CLN were seen in all cases regardless of fluid therapy, suggesting that the changes noted are not associated with fluid resuscitation.
The comorbid pathologies noted in these animals were often severe and predisposed these animals to prolonged periods of dehydration subsequent to hypodipsia or adipsia. These include glomerulonephritis, which is a major cause of death in adult squirrel monkeys. 21, 25 This pathogenesis would be similar to that seen in humans who are elderly or infants who are unable to obtain adequate hydration due to illness, feebleness, weakness, and so on. Several squirrel monkeys (4/13; 30.8%) in this study also had hepatic lipidosis on histological examination, which indicates that they were anorexic and therefore perhaps also not drinking adequate amounts of water. The elevation in serum urea nitrogen in 6 animals is presumed to be associated with the degree of glomerulonephritis noted in several animals in this study. The intensive care given the animals in this study involved multiple injections inducing muscular damage, which would account for the elevation seen in CK in 4 of these animals. If neuronal damage were to account for the elevations in CK (brain isotype), elevations of this isoenzyme would have been expected in more than 4 of these severely affected animals. Lastly, the cardiac lesions noted in affected animals were chronic and therefore were not associated with the brain lesions as is thought to occur in brain-heart syndrome.
Polioencephalomalacia is seen in various domestic animals, including cattle with thiamine deficiency, lead toxicity, sulfur toxicity, or, less commonly, hypernatremia due to inability to access water frequently due to freezing. Thiamine deficiency or diets high in thiaminase can cause similar lesions in dogs and cats. 28 Swine and poultry are the species that most often present with hypernatremia, which is usually accidental as a result of an inability to access water or errors in ration formulation, resulting in excessive sodium intake. 26 Swine usually present histologically with cortical laminar necrosis primarily in the dorsolateral cortex with eosinophilic inflammation perivascularly and in the leptomeninges. 28 In human and veterinary patients, there are 3 general causes of hypernatremia-induced polioencephalomalacia-namely, water loss, inadequate water intake, or excessive sodium Figure 6 . Kruskal-Wallis test with Dunn posttest shows variations in the expression of neuronal marker, NeuN. Expression of this marker was significantly (P < .0001) reduced in affected vs unaffected regions of the brain in the same animals. There was no significant difference between expressions of NeuN in control animals as compared with unaffected brain regions in animals with lesions. intake. 14 Risk of hypernatremia is highest in those individuals with altered mental status, intubated patients, infants, and elderly people with impairment in their ability to access water such as infirmity, illness, or a defect in osmoregulation of thirst. 2, 3 Children younger than 12 months with diarrhea or with inadequate fluid intake due to ineffective breastfeeding have been associated with hypernatremia. 13 Significant hypernatremia is also seen in adult patients with adipsic diabetes insipidus and mineral corticoid excess. 7, 9, 11 To limit the deleterious effects of hypernatremia, the CNS possesses a unique method of adaptation involving the movement of organic osmolytes such as glutamate (also glutamine, taurine, and myo-inositol, among others) intracellularly from the extracellular space that water follows, allowing neurons to adapt and restoring the brain volume to normal levels. 8, 24 The organic osmolytes involved in this compensatory mechanism slowly balance osmolality, which allows for the difference in clinical signs associated with chronic hypernatremia as compared with acute hypernatremia, which has more severe effects. 8 Rapid treatment of hypernatremia with fluid resuscitation that cannot be compensated for by the electrolytes and osmolytes, which tend to move slowly from one cellular compartment to another, can lead to cell swelling and central pontine myelinolysis in humans. 13, 23 Cell swelling in the confined space of the cranium may lead to increased intracranial pressure and a risk of brainstem herniation. 18 One of the most significant findings reported herein is the relative unique susceptibility of squirrel monkeys to the CNS effects of hypernatremia. There is no evidence in the literature supporting a theory that squirrel monkeys are inherently predisposed to dehydration due to a failure in renal concentrating ability; in fact, the kidney function of squirrel monkeys was found to be similar in renal concentrating ability to that of humans, making it a suitable model for renal studies. 25 Caution should also be exercised in the use of this animal model in studies that involve the induction of hypertension using sodium chloride-like compounds, as the findings may be confounded by this species' sensitivity to hypernatremia. Currently, the cause of the increased susceptibility to elevated sodium levels is not known; however, this is likely an attractive model to study the combined metabolic effects and treatment of hypernatremia as the syndrome reported herein has remarkable similarities to similar diseases seen in humans-most notably, laminar cortical necrosis, vascular reactivity, and selective vulnerability of neuronal populations. Figure 9 . Endothelial cell expression of CD31/PECAM (Kruskal-Wallis test with Dunn posttest) in the affected regions of brain is significantly increased (P < .0001), indicating increased vasculature reactivity as compared with unaffected regions of the brain in the same animals. Expression in unaffected regions of animals with cortical laminar necrosis did not differ significantly from expression in control animals.
